
MANUFACTURE AND USE OF 
EARTHQUAKE RESISTANT CONSTRUCTION BLOCKS 



BACKGROUND OF THE INVENTION 
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Field of the Invention 

Construction blocks are manufactured independently or in place for final use using 
materials generally considered to be discardable or of limited value. The stones and/or coarse 
aggregate material is placed in molds in intimate, abutting contact, then concrete, mortar or 
other binder is poured in to securely hold the material in place forming the block.. Other 
strata of different composition and/or tubes and reinforcement can be included. 

Description of Related Art 

Conventionally, concrete is defined in terms of its specific materials, strength, and 
design. Concrete generally used as a structural component consists of cement with fine and/or 
coarse aggregates that have adjusted granule sizes. 

The term "rich concrete" usually refers to a product of mixed cement and aggregate, 
that often includes an iron reinforcement. Among aggregates for "rich concrete," sea sand is 
used as a fine aggregate but earth and sand are becoming scarce in view of forestation and 
other conservation activities. The collection of sea sand has been forbidden in many places 
because of its limited reserves and significant adverse influence on the environment and deep 
sea ecosystems. Large scale mining for limestone, which is largely demanded as raw material 
for cement, results in changing mountain and landscape appearance. This mining results in 
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ecological, scenic and energy consumption that does harm to the environment. It also leads to 
resource depletion and environmental pollution due to the spreading of industrial waste. 

Conventional block or discrete structures include stone arch bridges. Although there 
are some structural similarities, traditional discrete techniques assume the use of high quality 
stones that are generally inordinately or excessively large in strength when designed. Design 
quality is dependent on the skill of stonemasons while the technique according to the present 
invention emphasizes sound design and reliable practice. 

Stone arch bridges are conventionally not considered to be a modern construction 
technique although their arch, beauty and harmony with nature are well recognized. Among 
many, the following reasons are practically given for this: 

(1) Stone bridges have low load-bearing capacity and are an old style used primarily for 
pedestrians; 

(2) Only short spans are considered safe for stone bridges; 

(3) Stone materials are not uniform and are considered vulnerable to earthquakes; 

(4) Discrete structure does not provide for a quantitative evaluation for safety and unit stress; 

(5) Appearance depends on the skill of traditional stonemasons, who are now very few; and 

(6) Stone bridges require high construction cost. 

The prior art technologies can be categorized by (1) whether low quality material can 
be used for main structural components or not, (2) whether it is a discrete structure or not, 



and (3) whether it is an arch or not. The technique using low quality materials is not 
recognized as a modern technique. 

To date, it has been believed that discrete structures are vulnerable to earthquakes. 
This is because brick buildings were seriously damaged in Kanto's big earthquake. Since then, 
5 arch structures have been considered the same as brick buildings. 

Q SUMMARY OF THE INVENTION 

Conventional "rich concrete" structures are responsible for environmental problems 
U such as spreading industrial wastes and the depletion of resources. Making use of low purity, 

p low strength, recycled material is a great contribution to solving environmental problems. 

: ; j 
::: 

rT 10 Low quality materials are disposed of by using them in land fills, or as ballast for 

railway foundations, etc. It is desirable to recycle construction waste. However, recycled 
materials generally have limited use applications because of their reduced strength, quality and 
instability. Conventionally, they are not used for structural components. Making use of low 
purity and low strength materials, such as local soils Sirasu and Masa, slag, concrete waste, 
15 and chipped stone, that have reduced strength, is a great contribution to solving environmental 
problems. 
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The present invention relates to structures, primarily in the construction and 
architecture fields, that enable their use for main structural components using low quality 
materials that are conventionally not used for construction. This provides economical 
construction using environmentally friendly materials that produce a stable, attractive 
structure. Environmentally friendly refers to materials that are locally abundant, but not 
normally acceptable for construction, such as slag, which is discharged as industrial waste and 
has insufficient strength and unstable quality, and recycled material from construction waste. 
It has been found that these materials can be used as main structural components, and ensure 
the use or application of recycled material. Use of these materials leads to saving energy by 
reducing raw material mining and preserves the environment by reducing interference with 
natural scenery and ecosystems. The present structure has particular value where the space 
inside an arch is used, such as those that take advantage of light weight for mounting on a 
weak support surface, and those that do not use the deformation properties of a structure. 
The invention finds use for roofs, ceilings, bridges, tunnel linings, ditch covers, buildings, 
mounds, elevated structures, dams, slope protectors, etc., as well as for reinforcement and 
repair of existing structures. Bridges with short spans of up to 50 meters can be constructed 
without open spandrels. Open spandrels are wall stones and fillers used between arch stones 
and the bridge surface reducing body weight. They are open areas when seen from the side. 
The invention provides for initial construction and life cycle economy with an attractive 
appearance when compared to conventional steel and concrete bridges. 



The technique according to the present invention forms a structure using blocks or 
constraint discrete material and arch action in order to avoid stress concentration caused by 
continuous material, such as poured concrete, and to increase earthquake resistant properties. 
As a substitute for stones and concrete, low quality materials, that have not been used because 
5 of their problematic strength, are used in construction, such as an arch forming material. 
Structural characteristics and stable conditions are described for designing precast block, 
prepacked block and prestress techniques can be practiced. 

The resistance to earthquake damage is increased by forming discrete structures or 
individual blocks by placing stones and/or coarse aggregate pieces in a mold, arranging them 
so as to have intimate contact between the individual pieces of stone and/or aggregate then 
holding the stone and/or aggregate in place by pouring cement or mortar over it to secure the 
aggregate in position. Blocks can be formed with aggregate between stones or in layers by 
covering stones with a coarse aggregate layer secured in place using mortar or cement. The 
amount of cement is reduced. Reinforcing means can also be used. 
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1 5 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a chart showing a comparison of various arch construction techniques. 
Fig. 2 depicts a vertical side view of an arch bridge. 
Fig. 3 depicts a top plan view of one end of a bridge. 
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Fig. 4 is a cross-sectional view of a bridge. 
Fig. 5 shows a detail view of an arch section 
Fig. 6 is a chart listing details of the bridge in Fig. 4. 
Fig. 7 shows a construction job-flow chart. 
5 Fig. 8 shows parallelepiped blocks preformed and constructed into an ^rch. 
Fig. 9 depicts an arch side view forming the blocks in place. 



U DESCRIPTION OF THE PREFERRED EMBODIMENTS 

=j_i 

12 Continuous material, such as poured concrete, is primarily used for construction work. 

|« Discrete preformed structures are not widely used and their use is often avoided. It has been 

Q 10 found that due to the unusually large compression that cut stone blocks can withstand, 
; materials that are routinely discarded or used for ballast or other non-construction purposes, 
\2 because of their reduced strength, can be used to manufacture blocks or discrete structures 

that can be substituted for stones. Forming the blocks or discrete structure by packing the 

reduced strength material pieces into firm contact with each other, and using mortar to hold 
15 the pieces in contact, the blocks can be used in place of cut stones. It has now been found 

that these blocks have good resistance against earthquake damage due to their ability to 

absorb and dissipate vibration and shock energy. 
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The differences between the techniques are shown in Fig. 1 and the following 
discussion has reference to the chart of Fig. 1. Recently, a detailed test and study was 
conducted for the transport in section and restoration of the Nishida Bridge, Kagoshima. 
Through the comparison of load-bearing test results with individual factor analysis, it was 
5 quantitatively verified that (1) to (3) of Fig. 1 were derived from misunderstandings, it was 
also confirmed that unit stress can be quantitatively examined for safety reasons using 
computer simulation. 



Our study confirms the reasons for not using stone arch bridges, as shown in Fig. 1 
Examples 1 through 3, are the result of misunderstandings. For instance, for load-bearing 

10 capacity in (1), stone materials show high strength in compression and tolerated war tanks 
passing on them during World War II. For spans in (2), a 90m span was constructed before 
World War II and a 120m span was constructed with new, advanced techniques. For 
earthquake resistance in (3), it was reported that among the 675 bridges administrated by the 
metropolitan city of Tokyo, 164 were stone bridges and that only 7 of these were damaged 

15 while a total of 358 bridges were damaged by Kanto's big earthquake. This indicates that 

stone bridges are not particularly vulnerable to earthquakes when compared to other structural 
designs. Japan Roads History, Technical Section, Chapter 5: Bridges, p972, Japan Roads 
Association S.52.10. 
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Most recently, it was reported that approximately 100 brick arch bridges along the 
Osaka-Kobe and Kyoto-Osaka railways built in the Meiji period survived the Hanshin-Awaji 
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earthquake, although many other constructed structures were damaged. Shigeru Onoda 
'Bricks and stone structures of Osaka-Kobe and Kyoto-Osaka railways and their 
characteristics," Civil Engineering History Study No.20, p259, Civil Engineering Association 
2000. In addition, the stone bridge report from the Sakura-jima volcano eruption and 
5 earthquake of 1904 and some foreign examples show that stone arch bridges are strong 
enough to resist earthquake damage. 

Unit stress of stone bridges addressed in (4) is not known to have been studied and 
remains unknown. High construction cost in (6) mainly results from the price of stones used 
as arching material. Compared to conventional, prestressed concrete (PC concrete) structures 
several tens of percents are added. These result from mining, shaping and meeting end 
processing that are domestically done, and they are nearly the same cost as when processed 
stone material is imported from China. 

A detailed study was also conducted on traditional stone bridge construction 
techniques. Although the sound and great technical skill used in their construction was 
impressive, it was predicted that modern mechanized practices would be applicable 
independent of the skill of the stonemasons. Following this, modern arch stone arrangement 
techniques including precast block, prepacked block and prestress techniques, were reviewed. 

Appropriate block size molds are selected or constructed. The stones and/or 
aggregate waste are poured or placed within the mold and arranged so that the aggregate 
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pieces are in firm, intimate contact with each other and with the sides of the mold. The stones 
and aggregate generally range from 50 to 60 cm in circumference for large, to about 20 to 40 
cm for medium and about 5 to 10 cm for small pieces. Base concrete comprises extremely 
less cement with Sirasu or slag used in place of aggregate, resulting in the lower strength 
blocks that can be used by this invention. When the pieces are appropriately positioned, 
mortar is poured into the mold as a means for holding the aggregate pieces in position. 

The stone and/or aggregate material that is packed, at least into the mold lower 
extremity, so that there is a direct, firm contact between the individual aggregate members, is 
held in position by mortar. When removed from the mold forms, an independent block is 
obtained. In this discrete structure, resulting from the technique of the present invention, the 
joining or abutting surfaces of the blocks have a large frictional force between them at the 
areas of contact. The forces placed on the blocks or discrete structures are thus propagated 
through direct contact between the aggregate materials between and within the blocks. This 
results in earthquake resistance because of the ability of the materials used to absorb energy 
without fracturing. The mortar serves only to keep the aggregate materials in place. 
Therefore the strength of the mortar is not as critical as it is in the standard concrete pouring 
process where the concrete materials are randomly dispersed or mixed together and cured and 
fixed in the mixed configuration. A variety of stone arch arrangements can be used, including 
lateral row ring, nib ring and mixed ring. 



The upper or outer surfaces used for press fitting blocks together are monitored and 
controlled so that they are not perfectly flat in order to provide high friction between blocks 
mating surfaces. 

The technique according to the present invention is a practical means used in the field 
to solve the problems described above taking into consideration economical benefit, safety 
and stability. 

The unit stress applied to an arch member is determined by the magnitude of the axial 
directed force and thickness of the member. Conventional measuring methods are based on 
the experience gained with stone arch bridges. They are inordinately designed except for very 
thin rings and very flat rings. For the Nishida Bridge, Kogoshima, it was presumed that the 
allowable unit stress of the stone was 100 kfg/cm2, the maximum unit stress by self- weight 
was 8.0 kfg/cm2, and the maximum unit stress by active load was 3.0 kgi7cm2. The authors 
reported the details to the Civil Engineering Association in Yoshiwara, Nogame, et al., "Load 
bearing test and structural characteristics of stone arch bridges," Civil Engineering History 
Study No. 16 p.263 5 Civil Engineering Association 1996 and Yoshiwara, Nogame, et al., 
"Study on structural characteristics of stone arch bridges using individual factor analysis," 
Civil Engineering History Study No. 16 p281, Civil Engineering Association 1996. This 
shows that designing an arch according to the material strength enables the use of low 
strength materials. The authors reported that computer simulation results of bridges' 
behavior on earthquake and foundation displacement confirmed that they have excellent 
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earthquake resistance and strain follow-up. These properties are seen to be consistent with 
the examples above. 

An applied analysis showed that the required strength for arch material is not 
necessarily given for stone blocks. This allows the use of chipped stone, set slag material, and 
set concrete waste for arch material without the need for reinforced concrete. Accordingly, 
initial construction cost can be lowered and the design structure does not require much 
maintenance. Life expectancy cost can be dramatically lowered. 

The technique according to the present invention gives acceptable appearance, 
environmental adaptability and resolves energy wasting procedures and resource depletion 
problems by using recycling techniques. In addition, the structures provide good load bearing, 
endurance, earthquake resistance, in an economical manner. The materials that make up the 
wall surfaces, fillings, bridge surfaces, etc., play an important role when constructing an arch. 
Conventional construction techniques can be satisfactorily applied using low quality materials 
to provide acceptable structures. 

A supporting structure can be used for building conventional concrete arches. The 
structure of the support must be made so that it can be easily cut out and removed after the 
arch construction is completed. After the supporting structure is erected, the blocks for the 
arch are arranged on the support. The arrangement of the blocks must satisfy the stability 
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requirements for a solid discrete structure in both the arch axis direction and the orthogonal 
direction. The technique of the invention satisfies these requirements. 

Discrete constraint material is used to increase the earthquake resistance and to 
prevent disintegration due to stress concentrations that exist in continuous materials. This is 
accomplished by arch action in more than one direction using low quality materials- 
Discontinuous material discrete blocks are intentionally designed so their ends, and members 
inserted between them, absorb vibration energy, thereby increasing earthquake resistance. All 
or a portion of the end faces of the blocks engage each other. Stability is obtained by the 
constraint discrete structure, not by the overall integrity of the structure. 

Fig. 2 shows a side view of an arch bridge 20. The arch is formed of blocks 24 
supported at their ends with anchors 23. The anchors are positioned by vertical piles 21 and 
oblique piles ^^JThe road surface is shown as a stone paving 25. The piles absorb oblique 
forces on the arch or bridge. 

Fig. 3 shows a top view of one end of a bridge 30. Shown among other things are 
vertical piles 31, oblique piles 32, anchor means 33 and stone paving 35. 

Fig. 4 is a sectional view of a bridge 40. The bridge includes curved stone paving 41 
over a mortar layer 42 over arch blocks 43 that are provided with prestress elements 44. The 
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ends of the bridge include anchor means 45 and wall stones 46. The stones and/or aggregate 
48 of the arch blocks have a filler 47. 

Fig. 5 shows a detailed view of an arch section. The arch 50 is made up of 
parallelepiped arch blocks 51 with the lower intrados 56 sides abutting each other in an area 
53 while the upper extrados 55 sides of the blocks form a non-abutting wedge-shaped area 
filled with concrete 54. The blocks are provided with a prestress accommodating aperture 57 
for iron or steel rods. 

Fig. 6 is a chart providing the dimensions and details of the bridge shown in Fig. 4. 

Fig. 8 shows an arch 80 formed from standard rectangular parallelepiped arch blocks 
81 that have essentially parallel sides. The shape facilitates the mass production of blocks that 
can use low quality but acceptable materials. The inward and lower edges of the blocks are in 
frictional contact with each other at their intrados 82 with the sides tapering away from each 
other toward their extrados 83 so that the blocks collectively form an arc or arch 80. The 
arch blocks abut each other along their inner sides 82 but there may be gaps remaining 
between the blocks along their outer sides 83. To hold the blocks in position mortar or 
concrete 84, with or without shock absorbing material, is used to fill the wedge shaped 
openings between the upper or outer areas between the blocks. The outer gaps can be filled 
with thin, wedge-shaped energy absorbing material and mortar to prevent the distance and 
spacing between the blocks from changing. A prestress means 85 can be provided. 
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An arch can be formed from blocks thai have sides that essentially radiate from the 
central point about which the arch extends. Tfhe sides of the blocks are essentially frictionally 
in contact with each other along the entire length of their sides. 

An arch 90 can be formed on a supporting structure, such as shown in Fig. 9. A base 
for the arch can be formed by use of molds. After the mold is formed pieces of stone or 
aggregate such as ballast, broken stones and/or other coarse aggregate 91 are prepacked in an 
abutting relationship with the molds and each other. The low quality materials are assembled 
within the mold so as to be in firm contact with one another. Mortar 92 is then poured into the 
mold to hold the aggregate in place /and to form the base for the block. This technique allows 
the various low quality materials, such as recycled materials and chipped stones, to be used as 
the prepacked materials with the moOrtar used only to keep the aggregate in position. No 
mixing of coarse aggregate and mortar is required so there is no additional concrete plant 
expenses for cleaning, new processing steps, and installation. 

For forming the next course or adjacent area, the mold can be moved to an adjacent 
location or other area, or anpther mold can be used. For this next layer, aggregate is placed in 
the mold and assembled, men, as before, mortar is poured in with the upper surface shape 
monitored or controlled to prevent a smooth surface. This process is repeated on both sides 
of the arch support to provide a base for raising the arch along the predetermined course. The 
roughened sides 93 frictionally engage each other. The keystone is formed in a similar manner 
to complete the arch. JA prestress means 94 can be provided. 
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The alternate stone arrangement is shown in the job flow chart of Fig. 7. The detail of 
a traditional technique is published in a report referencing the transfer and restoration of the 
Nishida Bridge. 

The procedures used in the present invention are not limited to the construction of 
arch-shaped structures but can be used to constrain movement of various type structures 
during earthquakes to make the structures earthquake resistant. 

The forces applied to the arch blocks toward the arch axis is relatively small compared 
to the force they can tolerate. The lateral expansion is also small. The resistance offered by 
these materials provides sufficient safety factors. In order to give more freedom in designing 
structures using low strength materials, tension members, such as iron or steel, are radially 
inserted along the arch radius to increase the resistance to expansion of the arch. Anchor 
bolts such as those used in the Natom Tunnel can be used, or rods can be provided, to prevent 
lateral expansion or movement. 

Stability can also be obtained in quasi-constraint continuous material alone, enlarging 
the size of the blocks or discrete constraint material and mechanically reducing the number of 
meeting ends depending on the specific application and materials used. 

Arch stones are subject to compression force directed in the axial direction and to 
slight forces in the direction orthogonal to it. Their unit stress is small and arch stones made 
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of low quality rigid material, such as recycled material, basically last for several thousands of 
years. To take the full benefit of constraint discrete arch technique, it is necessary to 
understand how to deal with it and repair it. However, neither materials nor loads are uniform 
and accordingly damages occur locally. Unlike the general continuous material, discontinuous 
material used by the technique of the present invention allows for the local repair of damaged 
parts over the space of tens to hundreds of years. Unless the arch is extremely deformed, 
concrete can be used externally to fill and repair the damaged arch stones as is done in Europe 
and China. When the arch is so deformed that unit stress is not well propagated, a supporting 
member must be provided and the damaged arch stones removed. Then, the damaged stones 
are replaced or rearranged into the correct position. Almost all stone materials can be 
recycled, and when recycled they last almost indefinitely. 

The blocks or discrete construction material can be provided with stress members by 
inserting tubes, such as PVC tubes, in the mold to embed them at appropriate intervals within 
the block to provide passages for the insertion of stress members. The members can be 
prestressed. Prestressed members provide resistance against displacements and a strong 
restoring force if displacements do occur. It also provides a restoration force during 
earthquakes. The conventional post tension technique can be used to prestress the member. 

The technique according to the present invention enables the use of low quality 
materials that are usually disposed of Such use yields load bearing, endurance, earthquake- 
resistance, economical construction, allows recycling, reduces resource depletion, and 
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contributes to environmental preservation. For stone bridges, the following major effects and 
characteristics are noted: 

(1) Besides concrete, which is generally used as a construction material, slag and 
concrete waste will be made useful, contributing to current and future resource availability and 
environmental benefits. 

(2) Arch bridges present proportion and texture that matches natural scenery that is 
well received. It is possible to provide specific materials for outer walls that have a specific 
design or appearance. 

(3) Structural safety and unit stress of stone material can be examined for load 
bearing, endurance, and earthquake-resistant properties using individual factor analysis. 
Prestress can be applied according to the design conditions, external forces, arch thickness, 
and so on, to adjust the shape and stress. 

(4) Construction, maintenance and life expectancy costs can be lowered by carefully 
selecting arch material. 

(5) Advanced foundation techniques can be used so that horizontally propagated force 
through the foundation is absorbed by oblique piles. 

(6) Unlike traditional techniques that are highly dependent on the skill of 
stonemasons, modern, sound design and practice are applicable. Advanced construction 
technology can be applied including advanced analysis systems such as individual factor 
analysis. 
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(7) A ratio of span to rise of 16: 1 was applied in the Numour Bridge, France. Flat 
shape and span is ensured for stone bridges. A 120m span was constructed using advanced 
design and construction technology and open spandrels (Chosuko Bridge, China). 

Rigid bodies usually obtain their stability by being constrained spatially at four points. 
5 For arches, at least three points at intersecting ends of the arch axis are necessary. More 
stability can be obtained when these three points are at a distance from each other. 

Stability is obtained by having the ends of the individual blocks of uniform size that 
precisely abut along the intradose and relieving the middle areas to provide three point 
constraint. Stability conditions for rigid bodies have problems added to them when elastic 
10 bodies are included. When this occurs, the coefficient of elasticity must be included. If an 
arch is constructed on soil, the shape of the arch can be affected by deformation of the 
material. When this happens, the anticipated arch effect must take into consideration the 
elasticity in determining the size of the arch, the load, and the applications. 

In addition to the conditions for rigid bodies, resilient plastic coefficients should be 
15 considered for stability when using resilient plastic material. For instance, the arch effect can 
not be expected to suffice for an arch made of soil when its shape is distorted due to the 
material deformation due to insufficient strength. 
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The resiliency required is determined by the arch size and load-bearing capability. This 
means arch size can be selected according to the specific application and materials used. 

It is believed that the construction, operation and advantages of this invention will be 
apparent to those skilled in the art. It is to be understood that the present disclosure is 
illustrative only and that changes, variations, substitutions, modifications and equivalents will 
be readily apparent to one skilled in the art and that such may be made without departing from 
the spirit of the invention as defined by the following claims. 
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